As part of our studies on the physiological and ecological function of caffeine, we investigated the effect of exogenously supplied caffeine on purine, pyrimidine and pyridine metabolism in rice seedlings. We examined the effect of 1 mM caffeine on the in situ metabolism of 14 C-labelled adenine, guanine, inosine, uridine, uracil, nicotinamide and nicotinic acid. The segments of 4-day-old dark-grown seedlings were incubated with these labelled compounds for 6 h. For purines, the incorporation of radioactivity from [8-14 C]adenine and [8-14 C]guanine into nucleotides was enhanced by caffeine; in contrast, incorporation into CO 2 were reduced. The radioactivity in ureides (allantoin and allantoic acid) from [8-14 C]guanine and [8-14 C]inosine was increased by caffeine. For pyrimidines, caffeine enhanced the incorporation of radioactivity from [2-14 C]uridine into nucleotides, which was accompanied by a decrease in pyrimidine catabolism. Such difference was not found in the metabolism of [2-14 C]uracil. Caffeine did not influence the pyridine metabolism of [carbonyl-14 C]nicotinamide and [2-14 C]nicotinic acid. The possible control steps of caffeine on nucleotide metabolism in rice are discussed.
The 'chemical defence theory' proposes that the high concentrations of caffeine in young leaves, fruits and flower buds of tea and coffee plants act as a chemical defence to protect soft tissues from predators, such as insect larvae [5, 6] . In contrast, the 'allellopathic or autotoxic function theory' proposes that caffeine in seed coats and falling leaves is released into the soil and inhibits germination and growth of other seeds [7] [8] [9] [10] [11] [12] [13] .
Inhibition of seed germination and subsequent growth of seedlings by caffeine have been known. Rizvi et al. [7] reported that germination of Amaranthus spinosus was completely inhibited by 6 mM caffeine. Smyth [14] found that 2.5 mM caffeine caused respectively 90% and 50% inhibition in the elongation of roots and shoots of rice seedlings. However, the mechanism of caffeine inhibition of plant growth has not yet been elucidated clearly.
Caffeine is a xanthine derivative which is synthesized from xanthosine produced from purine nucleotides [6, 15] . Therefore, it is plausible that exogenously supplied caffeine influences the metabolism of nucleotides in plants. In the present study, we examined the effect of 1 mM caffeine on the metabolism of purine, pyrimidine and pyridine compounds. We chose adenine, guanine and inosine for purines, uridine and uracil for pyrimidines, and nicotinic acid and nicotinamide for pyridines.
In order to estimate the incorporation of caffeine into the rice tissue segments during 6 h incubation, uptake of 1 mM [8- 14 C]caffeine (specific activity, 18.3 MBq/mmol) by the segments was examined preliminarily. The results indicated that the uptake rate was 46.5±2.7 nmol/100 mg samples. This value corresponds to 2.3% of the caffeine being taken up by the tissues and the estimated intracellular concentration of caffeine was 0.46 mM. Uptake of purine, pyrimidine and pyridine compounds by the tissue segments of rice seedlings with and without 1 mM caffeine was examined 6 h after the administration of labelled compounds. Total uptake of precursors by the tissue segment was calculated by adding the radioactivity found in the perchloric acid (PCA)-soluble and PCA-insoluble fractions and CO 2 (Figure 1 ). A large difference (13 nmol to 125 nmol/ gFW) was found in the uptake rates of the individual precursors, but little or no difference in uptake was caused by 1 mM caffeine.
The effect of 1 mM caffeine on the metabolism of three purine compounds, [8] [9] [10] [11] [12] [13] [14] C]adenine, [8] [9] [10] [11] [12] [13] [14] C]guanine and [8-14 C]inosine was investigated and results are shown in Figure 2 . These precursors were metabolised rapidly and most of the radioactivity was distributed in free nucleotides, RNA, some intermediates of purine catabolism and 14 CO 2 . To simplify the interpretation of data, radioactivity found in free nucleotides and combined nucleotides (as RNA) is shown as nucleotides ( Figure 2 ). Large amounts of radioactivity from [8-14 C]adenine were distributed in nucleotides (38%) and CO 2 (58%). Caffeine enhanced the rates into nucleotides (38% to 55%) and reduced the incorporation into CO 2 (58% to 40%). Small amounts of radioactivity (1-2%) were found in allantoin and allantoic acid ( Figure 1A) . The metabolic profile of [8] [9] [10] [11] [12] [13] [14] C]guanine in rice seedlings ( Figure 2B ) was similar to that of [8] [9] [10] [11] [12] [13] [14] C]adenine; the radioactivity was found in nucleotides (31%) and catabolites, namely, allantoin (4%), allantoic acid (3%) and CO 2 (58%) in the control. Caffeine reduced the incorporation of 14 C-labelled precursors on 4-dayold rice seedlings. Incubation with labelled compounds took place for 6 h. The total uptake was calculated by summation of the radioactivity found in all cellular metabolites and CO 2 . Uptake is expressed as nmol per g fresh weight sample. Mean values and SD are shown. 14 C into CO 2 (58% to 36%) and increased into nucleotides (31% to 45%). In addition, radioactivity in ureides (allantoin plus allantoic acid) was increased by the caffeine treatment (7% to 13%) ( Figure  2B ).
The metabolic fate of [8-14 C]inosine ( Figure 2C ) indicated that a considerable amount of radioactivity was found in nucleotides (41%) and the remaining radioactivity (59%) was recovered in purine catabolites including hypoxanthine, allantoin and allantoic acid ( Figure 2C ). In contrast to [8] [9] [10] [11] [12] [13] [14] C]adenine and [8-14 C]guanine, caffeine reduced the incorporation rate of [8-14 C]inosine into nucleotides (41% to 24%) and increased incorporation into total catabolites (59% to 76%). However, little influence was observed on the release of 14 CO 2 . Instead, significant amounts of radioactivity (33%) were accumulated in ureides by caffeine treatment.
Metabolic pathways of adenine, guanine and inosine in rice plants and possible control steps by caffeine are shown in Figure 3 . In plants, it has been shown that adenine and guanine are salvaged by adenine phosphoribosyltransferase (EC 2.4.2.7) and hypoxanthine/guanine phosphoribosyltransferase (EC 2.4.2.8), respectively, and AMP and GMP are produced. Some of them are converted to their respective nucleoside triphosphates and utilized for RNA synthesis. A fraction of AMP and GMP is catabolized by the purine catabolic pathway via xanthine [16, 17] . As shown in Figure 3 , xanthine is formed from AMP and GMP by the following routes, namely a AMP → IMP → inosine → hypoxanthine → xanthine pathway and a GMP → guanosine → xanthosine → xanthine pathway [18, 19] . Xanthine is further catabolised via uric acid, allantoin and allantoic acid. Since the radioactivity from [8-14 C]adenine and [8-14 C]guanine was found in allantoin, allantoic acid and CO 2 , the catabolic pathway is operative in rice seedlings. The 8 position carbon of the purine ring is released as CO 2 at the final stage of purine catabolism, as shown in Figure 3 . In contrast to these purine bases, inosine is an intermediate of catabolism as well as a substrate of purine salvage. Inosine is salvaged to IMP by inosine kinase (EC 2.7.1.73) and then converted into adenine and guanine nucleotides. Since caffeine inhibits the release of 14 CO 2 and increases the incorporation of nucleotides, major control steps seem to be the reactions IMP → inosine and GMP → guanosine. The reactions are the hydrolysis of a nucleotide into a nucleoside and a phosphate, and, therefore, 5ʹ-nucleotidase and several phosphatases are involved in these conversions. If these steps are inhibited, metabolic flow proceeds in the direction of nucleotide synthesis. In the case of [8-14 C]inosine, caffeine reduced the nucleotide synthesis. This may be caused if caffeine inhibits the conversion of inosine to IMP. This reaction is catalysed by inosine kinase [18, 20] . In addition, it was found that caffeine increased incorporation of radioactivity into allantoin and allantoic acid from Figure  4A ). Caffeine enhanced the incorporation of radioactivity into nucleotides (39% to 58%) but reduced that into CO 2 (57% to 35%). The radioactivity from [2-14 C]uracil was also incorporated into nucleotides (~30%) and pyrimidine catabolites (~70%). In contrast to the results of [2-14 C]uridine, little or no effect of caffeine was observed ( Figure 4B ).
Metabolic pathways of uridine and uracil in rice plants and a possible control step by caffeine are shown in Figure 5 . Uridine and uracil are substrates for the salvage pathways of UMP synthesis by uridine kinase (EC 2.7.1.48) and uracil phosphoribosyltransferase (EC 2.4.2.9), respectively [18, 21, 22] . After UMP was converted to UTP, it was utilized for RNA and UDP-glucose synthesis [21] . Uridine and uracil are also intermediates of pyrimidine nucleotide catabolism. Uridine is hydrolysed to uracil and then pyrimidine is degraded via β-UP and finally the 2 position carbon of the pyrimidine ring of uracil is released as 14 CO 2 , and β-alanine is formed [21, 23] . Caffeine appeared to inhibit the reaction, uridine → uracil which is catalysed by uridine nucleosidase. As a result, uridine catabolism is reduced and the flow from uridine to UMP seems to be enhanced ( Figure 5 ).
To investigate the effect of caffeine on the metabolism of pyridine compounds, we examined the metabolism of [carbonyl- 14 C]nicotinamide and [2-14 C]nicotinic acid ( Figure 6 ). In rice seedlings, most of the radioactivity from [carbonyl- 14 C]nicotinamide was recovered in pyridine nucleotides including NAD, NADP and nicotinic acid mononucleotide (NaMN) (~25%), and trigonelline (~55%) ( Figure 6A ). In the case of [2-14 C]nicotinic acid, radioactivity was detected in glutaric acid (~2%) in addition to pyridine nucleotides (~38%) and trigonelline (~45%) ( Figure 6B) . No significant effect of caffeine was observed in pyridine metabolism. The metabolic pathway of nicotinamide and nicotinic acid is shown in Figure 7 . As shown in a previous paper [24] , nicotinamide is deaminated to nicotinic acid and then utilized for pyridine nucleotide synthesis via NaMN. In addition, a large portion of nicotinic acid was converted to trigonelline by nicotinate Nmethyltransferase (EC 2. 1.1.7) . Although the catabolic pathway of rice plants has not yet been reported, it has been reported that the pyridine ring is catabolised via glutaric acid in some plant species [25] .
In conclusion, 1 mM caffeine increased the salvage pathways of adenine, guanine and uridine in rice seedlings. The increase seems to compensate for the reduction of catabolism and the fates of these purine and pyrimidine compounds shift to salvage reactions. Increased salvage activity of adenine, guanine and uridine has been observed in the lag phase of proliferation of cultured plant cells [17, [26] [27] [28] . Therefore, it can be speculated that caffeine increased the nucleotide level for rapid proliferation of cells. However, reverse effects have been observed. Smyth [14] reported that growth of 2.5 mM caffeine-treated rice seedlings is inhibited 6 days after germination. Our preliminary experiments also indicated that a slight inhibition of growth occurred even in the presence of 1 mM caffeine (data not shown). It can therefore be presumed that increments of salvage activity in caffeine-treated rice seedlings are not directly involved in the process of growth. In contrast, catabolites of purine and pyrimidine might be closely related to the rice growth. For example, β-alanine, a catabolite of pyrimidine nucleotides, is a precursor for the pantothenic acid synthesis [23] . Allantoin, a catabolite of purine, plays an important role in the control of abscisic acid metabolism [29] . Caffeine displaces the balance of the conversion reactions of purine and pyrimidine metabolism in favour of nucleotide synthesis. This may set off conditions for normal growth in rice seedlings.
Experimental
Plant materials: Seeds of rice (Oryza sativa, cv. Nihonbare) were donated by Professor Naoki Yamamoto of Ochanomizu University and Professor Tatsuhito Fujimura of University of Tsukuba. Seed coats were removed and sterilized with 5% sodium hypochlorite solution. They were then cultured on 0.55% agar gel without any additional compounds in dark conditions at 27ºC. Shoots and roots were obtained from 4-day-old seedlings and used as the experimental materials. Fresh weight of the shoot and root was 58±1 mg and lengths of a part of shoot and root were 21±1 and 64±1 mm, respectively. 
Chemicals

Administration of labelled precursors:
Administration of 14 Clabelled compounds to the ~3 mm segments of rice seedlings and analysis of labelled metabolites were essentially the same as in a previous paper [30] . Samples (~100 mg fresh weight), together with 2.0 mL of 30 mM potassium phosphate buffer (pH 5.6) containing 20 mM sucrose and 1% Na-ascorbate, were placed in the main compartment of a 30 mL Erlenmeyer flask. To determine the effect of caffeine, 1 mM caffeine was added. The flask was fitted with a glass tube containing a piece of folded filter paper that had been impregnated with 0.1 mL of 20% KOH in the centre well. Each reaction was started by adding 10 μL (37 kBq) of a solution of [carbonyl- 14 C]nicotinamide to the main compartment of the flask. The flasks were incubated for 6 h in an oscillating water bath at 27ºC. The tissue segments of rice were harvested and washed with distilled water, frozen with liq. N 2 , and then stored at -80ºC prior to extraction. The filter paper, containing a CO 2 trap of potassium bicarbonate, was soaked overnight in distilled water (10 mL), and aliquots of the resulting solution (usually 0.5 mL) were used for 
Analysis of metabolites:
For analysis of 14 C-labelled metabolites, the frozen samples were homogenized using a mortar and pestle with ice-cold 6% perchloric acid (PCA). The homogenate was centrifuged at 3,000 x g for 7 min, the supernatant collected, and the precipitate re-suspended in the same extraction reagent and washed 3 times. The 14 C-labelled metabolites extracted with 6% PCA were combined, neutralized with 20% KOH, and centrifuged briefly (3,000 x g, 7 min) to remove potassium perchlorate as precipitate.
The radioactivity of aliquots of supernatant was measured with a liquid scintillation counter. The neutralized fractions were freezedried and then dissolved in a small amount of 50% ethanol. The concentrated PCA-soluble small molecular weight metabolites were separated by using microcrystalline cellulose TLC sheets (200 × 200 mm, Merck, Darmstadt, Germany). As solvent systems, system I (n-butanol: acetic acid: water, 4:1:2, v/v) and system IV (isobutyric acid: ammonia: water, 660: 17: 330, v/v) were used, as specified by Zheng and Ashihara [31] . The distribution of 14 C to individual spots on the TLC sheet was estimated using a bioimaging analyzer (Type, FLA-2000, Fuji Photo Film Co., Ltd. Tokyo, Japan). The total radioactivity of each fraction was determined by a liquid scintillation counter (Beckman, type LS 6500). Incorporation into individual metabolites was calculated using the total radioactivity values in the PCA-soluble fraction, as measured by a liquid scintillation counter, and the % distribution of radioactivity on TLC plates was obtained from a bio-imaging analyzer.
